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Description 

[Insert title of invention]Load Cell 
Having Improved Linearity and 
Temperature Transient Behavior 

Background of Invention 
[0001] i. Field of the Invention 

[0002] This invention relates to load cells and more particularly 
to a load cell that provides improved linearity and temper- 
ature transient behavior. 

[0003] 2. Description of Prior Art 

[0004] Tensile and compressive forces today are measured with a 
wide variety of technologies. Most of the lowest cost de- 
signs use strain gages and many designs exist. One of the 
oldest and most popular strain gage designs is the col- 
umn load cell. Columns usually have a long, slender elas- 
tic member loaded along its long axis in either tension or 
compression. Strain gages are affixed to the elastic mem- 
ber in such away that both the longitudinal and trans- 



verse strains can be measured and combined to produce a 
total output proportional to the load. These devices usu- 
ally assume that strain gages perfectly measure strain and 
that strain is proportional to load, so the output is as- 
sumed to be directly proportional to load. 

[0005] Unfortunately, if the output of a real column cell is plotted 
against load, the plotted curve is not straight (nonlinear). 
The value of the nonlinearity is often observed to be 
500-1000 ppm. 

[0006] M 0S t users of column load cells want an output curve 
having a nonlinearity which is less than 300 ppm and 
many even want it less than 50 ppm. To achieve this level 
of straightness in the output curve, a variety of methods 
are used. One method is to change the Wheatstone bridge 
excitation voltage as a function of load. This method often 
relies on a semiconductor strain gage mounted on the 
load cell, whose resistance changes greatly with strain and 
is used to change the excitation voltage. The semiconduc- 
tor strain gages introduce almost as many problems as 
they solve, however. They are expensive, difficult to han- 
dle during manufacture and prone to large resistance 
changes with temperature. 

[0007] Another method is to build a computer into the load cell. 



The computer"s software can be used to straighten the 
output curve, plus provide correction for other cell errors. 
The computer method is widely regarded as being the 
most accurate and routinely produces cells having errors 
less than 50 ppm. Short of using a computer, methods 
have also been tried using active circuits (operational am- 
plifiers) to obtain linearity correction. However, both com- 
puters and active circuits restrict the user in terms of ei- 
ther the power requirements, signal outputs, or both. 

[0008] it is commonly believed that the change in dimensions of 
a column cell"s elastic member is responsible for its non- 
linear output curve. For example, if a column cell with a 
circular cross section is loaded in compression, the diam- 
eter at zero load is smaller than its diameter with any load 
applied. A greater diameter implies a stiffer elastic mem- 
ber and less deflection for the same load increment. Addi- 
tional increments of load cause corresponding smaller 
strains, so that a load increment at full capacity of the 
load cell should cause less output than the same incre- 
ment applied at zero load. 

[0009] Another common explanation for a column"s nonlinear 
output concerns the way the tensile and compressive 
strains are combined to form the total output signal. A 



Wheatstone bridge is often used to combine the longitu- 
dinal strains (compressive, for a cell in compression) and 
transverse strains (tensile, for a cell in compression). A 
Wheatstone bridge is used because it is inexpensive and 
can compensate for many scenarios in which some strain 
gages might be at different temperatures from other 
gages, as well as compensating for other problems. How- 
ever, if the tensile and compressive strains are unequal in 
absolute value, then the Wheatstone bridge will give an 
output which is nonlinear even if the strains themselves 
are perfectly linear. This effect is well known and pub- 
lished by strain gage manufacturers in their product data. 
[0010] Mathematical modeling of the diameter change and the 

Wheatstone bridge nonlinearities is unable to predict a to- 
tal cell output which matches experimental measure- 
ments. These effects are simple and easy to quantify, yet 
they do not explain the nonlinear output of real load cells. 
For example, the bridge nonlinearity for a typical cell 
might be about 200 ppm, while the change in diameter 
causes a nonlinearity of about +180 ppm. These nonlin- 
earities add to cause a predicted nonlinearity of about 20 
ppm, but the actual load cell displays nonlinearities of 
+ 500 to +1000 ppm, with +800 ppm being a typical 



value. Otherwise identical manufacturing methods rou- 
tinely produce cells having a variation in linearity in the 
aforementioned +500 to +1000 ppm range, but such a 
large change variation is also unexplained using the di- 
ameter change and Wheatstone bridge nonlinearities. This 
suggests that other sources of nonlinearity must exist in 
real column load cells, in addition to the ones commonly 
mentioned. 

[0011] Further work on mathematical modeling suggests that the 
strain gage itself is nonlinear. It can easily be shown that 
strain gages are nonlinear and the nonlinearity is depen- 
dent on many factors, some that are well understood and 
some that are not. Several strain gage manufacturers sell 
gages which exhibit very different linearity and hysteresis 
performances when installed on the same load cell. 
Therefore, it is clear that the strain gages themselves are 
nonlinear and the degree of nonlinearity varies from batch 
to batch of gages and from gage type to gage type. 

[0012] |f strain gages are wired into a Wheatstone bridge and the 
absolute values of their strains are equal, it can be shown 
that the output of the bridge is almost perfectly linear 
with strain, whether the gages are linear or nonlinear. This 
of course assumes the strains themselves are perfectly 



linear. This relationship holds for most reasonable values 
of nonlinearity from commercially available strain gages. 
However, if the absolute values of the strains on the four 
arms of the bridge are unequal, then the output of the 
Wheatstone bridge is much more nonlinear. This is the 
fundamental flaw in commercially available column load 
cells: the strains they measure in the transverse direction 
are usually about -0.3 (Poisson"s ratio) times the strain in 
the longitudinal direction. The smaller strain magnitude 
yields a bridge output which is nonlinear and varies de- 
pending on the nonlinearity of the gages used to build it. 
[0013] An old design called a proving ring measures tension or 
compression forces. This device is essentially a metal ring 
with alternating locations of tensile and compressive 
strain around the ring"s circumference. This device has 
excellent linearity, in that the magnitudes of tensile strain 
are equal to those of compressive strain. Unfortunately, 
this device exhibits such poor behavior in the presence of 
temperature changes that it isn"t practical for commercial 
load cells. The primary cause of its temperature problems 
is that the tension and compression gages are usually not 
close to each other and are often mounted on metals of 
different thicknesses, so that the temperatures of the ten- 



sion and compression gages are usually unequal. 

[0014] Beam load cells are common in the market and have ex- 
cellent linearity and temperature performance. These de- 
vices are designed to be placed in shear (and possibly 
bending) during loading, and generally have a large di- 
mension transverse to the loading direction. The require- 
ment for shear loading also places significant demands on 
their mounting: the mounting must be capable of sustain- 
ing the moments applied during shear loading. Their size 
transverse to the loading direction and the mounting re- 
quirements often make them an unattractive option com- 
pared to column load cells. 

[0015] a special type of beam load cell is commonly called an S 
cell, due to it having a shape like the letter "S". This cell is 
bent such that it has mounting requirements no more 
stringent than a column cell. However, it continues to 
possess a large dimension transverse to the loading di- 
rection as do beam cells. For designs needing a minimum 

size, they are no better than beam load cells. 
Summary of Invention 

[0016] An object of the present invention is to provide a means 
to improved linearity in a column load cell while retaining 
the column load cell"s favorable temperature transient be- 



havior. 

[0017] The inventor of the present invention has come up with a 
new load cell design. This new design is a combination of 
the column cell and proving ring designs while having the 
best features of both. The proving ring geometry is used 
to boost the tension gage output (for a cell in compres- 
sion) giving tension and compression strain measure- 
ments that are more equal in absolute value than in a col- 
umn cell, while the gaging arrangement is similar to a 
typical column cell, giving the column cell"s superior tem- 
perature transient behavior. 
Brief Description of Drawings 

[0018] without restricting the full scope of this invention, the 
preferred form of this invention is illustrated in the fol- 
lowing drawings: 

[0019] FIG. 1 is a side elevational view of a column load cell; 

[0020] FIG. 2 is a side elevational view of a column load cell em- 
bodying the present invention; 

[0021] FIG. 3 is a cross-section view of a load cell in FIG. 4 em- 
bodying the current invention; 

[0022] FIG. 4 is a side elevational view of a column load cell em- 
bodying an alternative of the present invention; 



[0023] FIG. 5 displays the load cell in FIG. 4 connected to a chain; 
and 

[0024] FIG. 6 is a side elevational view of an S-cell load cell. 
Detailed Description 

[0025] Referring initially to FIG. 1, there is shown an elevational 
side view of a column load cell 10. This design is popular 
because it is inexpensive to machine and to apply gages. 
For the end user, the mounting requirements are simple, 
the cell takes up little room in the transverse direction and 
it is very stiff. For compressive loads, the weight is usually 
applied to its spherical ends and for tensile loads, 
threaded ends or chain connections are often added. Un- 
fortunately, the column load cell 10 often displays a non- 
linearities of +500 to +1000 ppm with +800 ppm being a 
typical value. 

[0026] The current invention was discovered by searching for the 
cause of the column load cell"s 10 nonlinear behavior. 
This discussion refers to a column load cell lOin com- 
pression, although the same argument would apply for a 
column in tension, with the tensions becoming compres- 
sions and the compressions becoming tensions. In com- 
pression, the column shortens and strain gages 20 



mounted longitudinally on the column measure the strain 
due to shortening. Other strain gages 20 are mounted in 
the transverse direction and measure a tensile strain, usu- 
ally having a magnitude equal to Poisson"s ratio for the 
column material times the longitudinal compressive 
strain. Usually two gages measure the compressive longi- 
tudinal strain and two gages measure the tensile Poisson 
strain and all four gages are combined into a Wheatstone 
bridge to produce a total output. Wheatstone bridges are 
well known in the industry. 

[0027] The problem with this design is most real strain gages 

have resistances that are not linearly related to the strain. 
Usually, it is assumed that the resistance change with 
strain is linear, but this is only an approximation. It is 
trivial to show that the output of a Wheatstone bridge will 
be nonlinear with strain if the gages inaccurately report 
mechanical strains as being nonlinear with load, even if 
the true mechanical strains are perfectly linear with load. 
Real mechanical strains are seldom perfectly linear, so the 
error due to gage nonlinearity adds in a fashion to the er- 
ror from nonlinearities in the mechanical strains. 

[0028] For the case of the strain magnitudes in all four arms of 
the Wheatstone bridge being the same, it can be shown 



that the bridge will almost perfectly cancel the gages" 
nonlinearity in converting strain to a resistance change. 
The typical column cell 10, however, has strain magni- 
tudes in the four arms which are unequal and related by 
Poisson"s ratio. The more unequal the strains, the worse 
the nonlinearity cancellation becomes, so that most col- 
umn cells 10 have a nonlinearity with load that is very 
poor. 

[0029] The output of a Wheatstone bridge will also be nonlinear 
with strain even if the gages 20 are perfectly linear and 
the mechanical strains are perfectly linear for the case 
where the absolute strain values are unequal. This is the 
well-documented effect shown in strain gage manufactur- 
ers" handbooks. However, this nonlinearity is usually 
smaller than that caused by the nonlinearity in the gages 
themselves. In fact, this nonlinearity would not be a prob- 
lem for linear gages, since it is almost perfectly compen- 
sated by the nonlinearity in the real mechanical strains 
caused by the growth in diameter of a column under com- 
pression. Therefore, the present invention corrects not for 
this well-documented error, but for the mostly unre- 
garded problem of a nonlinearity in the strain gages 
themselves. The present invention also makes no attempt 



to correct for the nonlinearities in the real mechanical 
strains. 

[0030] FIG. 2 shows a design which addresses the problems in 
the column cell 10 in FIG. 1. Gages 20 are mounted in a 
longitudinal and transverse direction as in a standard col- 
umn cell. Gages 20 are mounted on both sides of the 
gaging surface, shown as a thin gaging web 15 in FIG. 1. 
The round body 25 functions similar to a proving ring, in 
that the round shape of the body tries to bulge outward 
under compressive loads, or collapses towards the gages 
20 for tensile loads. This change in shape of the round 
body is only restrained by the gaging web 15, so that the 
transverse strains in the gage web 15 are greatly en- 
hanced over their value if the round body 25 were absent. 
The web serves to stiffen the round body 25, but in so 
doing the round body 25 imparts its greater strains to the 
gaging web 15. The holes 30 in the surface on which the 
gages 20 are mounted further enhance the longitudinal 
strain and the transverse strain, by both weakening the 
gaging web 15 and funneling the large strains over the 
narrow area occupied by the strain gages 20. For this de- 
sign, the transverse gages experience about 0.8 times the 
longitudinal strain, compared with about 0.3 for the col- 



umn cell 10 in FIG. 1. 

[0031] it is trivial to show that increasing the output of the trans- 
verse gages so that their absolute output becomes closer 
to that of the longitudinal gages reduces the bridge non- 
linearity caused by nonlinear strain gages. In fact, if the 
transverse gage output becomes equal to the longitudinal 
gage output, the Wheatstone bridge nonlinearity due to 
gage nonlinearity becomes almost zero. For most gages 
and strain levels, the overall Wheatstone bridge nonlinear- 
ity for equal strains is on the order of about 2-3 ppm. It is 
negligible compared to a 50 ppm tolerance which is suit- 
able for most column cell applications and becomes small 
compared to mechanical nonlinearities in the load cell de- 
sign. The overall Wheatstone bridge nonlinearity then be- 
comes a balance of that contributed by the gage nonlin- 
earity, mechanical nonlinearity and the Wheatstone bridge 
nonlinearity which stems from having unequal strains, 
even if those strains themselves are linear. 

[0032] Another advantage of the present invention is that 

changes in the gage nonlinearity from batch to batch of 
gages 20 influence the overall cell nonlinearity to a lesser 
degree. If the cell design generates equal absolute strain, 
then the difference in overall cell nonlinearity due to gage 



nonlinearity changes would be only 2-3 ppm. However, 
most practical designs will have unequal strains due to 
cost and other considerations. A design having transverse 
strain that is 0.8 times the axial longitudinal strain will 
have considerably better immunity to gage differences 
than the typical ratio of 0.3 found in most commercial 
transducers. The effect is one of degrees of improvement, 
so a design having a transverse strain of 0.5 times the 
longitudinal strain will be better than one with a ratio of 
0.3, but worse than one with a ratio of 0.8. 

[0033] FIG. 3 shows a cross section through the strain gages 20 
and gaging web 15 of the cell 60 in FIG. 2. The gages are 
mounted on a flat surface 40, although other arrange- 
ments are possible. An advantage of this design is that all 
four strain gages 20 are mounted very close together, so 
that they should all be at about the same temperature, 
even if the temperature on the load cell 60 is changing. 
Having the four gages 20 at the same temperature is ad- 
vantageous, in that a Wheatstone bridge can be used to 
cancel their change in resistance due to temperature. 

[0034] FIG. 4 shows another possible variation of the cell design 
in FIG. 2. In this cell 80, the curves 25 have been replaced 
by notches 26 and straight sides 27. The four holes 30 in 



FIG. 2 have been replaced with two holes 31 here. Al- 
though this design does not perform as well as the one in 
FIG. 2, it can be produced at considerably lower cost and 
the degradation in performance from that in FIG. 2 is ac- 
ceptable for some applications. This design also has been 
modified for tension loading instead of compression load- 
ing, which shows that the method works equally as well in 
tension as in compression. FIG. 5 shows this design in a 
typical application measuring tension in a chain 50. 
[0035] Although not shown, it would be possible to place 

rounded ends on either the design in FIG. 2 or FIG. 4 and 
produce a cell that would replace the column cell in FIG. 1. 
Such a cell would have equal performance to the one in 
FIG. 1, but without using a computer, active circuit, semi- 
conductor strain gage or other method for linearity com- 
pensation. 

[0036] FIG. 6 shows a typical S-cell 60 design. This design is 

popular in the marketplace because all four strain gages 
have the same absolute strain and the device has excel- 
lent linearity as a result. Furthermore, temperature 
changes tend to cause a temperature gradient across the 
round gaging hole, a situation in which the Wheatstone 
bridge can easily reject temperature gradients. Although 



this cell has excellent performance, its shape is often a 
problem. Cutting the long slots is expensive. The width of 
the cell necessary to produce the slots means the S-cell 
60 is usually very wide. The present invention can have 
performance equalling that of an S-cell 60, but in a con- 
siderably smaller package. This saves material and ma- 
chining costs and takes up less room in the end user"s in- 
stallation. 

[0037] Another advantage of the present invention over S-cells 
60 is greater stiffness. S-cells 60 tend to have large de- 
flections, as internal portions of the cell are in both shear 
and bending. The present invention has little bending and 
most of it is in uniaxial tension or compression. For this 
reason, the present invention has much higher stiffness 
than S-cells 60 of the same capacities. 

[0038] Advantages 

[0039] The previously described embodiments of the present in- 
vention including achieving a load cell that provides im- 
proved linearity and temperature transient behavior. 
These cells tend to have the stiffness and package size of 
a column cell, but the linearity and temperature perfor- 
mance of S-cells. The electronics are no more sophisti- 
cated than a Wheatstone bridge. Heretofore, obtaining all 



these traits in one load cell has been difficult without us- 
ing a computer, active circuits, semiconductor strain gage 
or other method. 
[0040] Although the present invention has been described in 
considerable detail with reference to certain preferred 
versions thereof, other versions are possible. Therefore, 
the point and scope of the appended claims should not be 
limited to the description of the preferred versions con- 
tained herein. 



